Abstract-Dynamical exchange of information and energy between an optical pulse and dispersive media supporting slow or fast light (subluminal or superluminal group velocities) is investigated. By studying this exchange, we explore the fundamental capabilities and limitations of optical storage devices and fast signaling applications.
I. INTRODUCTION
An optical pulse or wavepacket propagating in vacuum experiences a uniform phase shift in space and time. For such a wavepacket, all the spectral components travel at the same speed (c) after propagation for a distance (L) and the pulse preserves its temporal shape with a peak that is time-shifted by an amount equal to (L/c). In a temporally dispersive medium, however, things become more interesting and complicated; as the spectral components of a wavepacket encounter different phase velocities. Depending on the dynamics of the field interaction with the medium, the field may exchange energy with the medium in such a way that the pulse envelope may experience time-retardation (subluminal) or time-advancement (superluminal) with respect to a companion pulse traversing the same distance in vacuum. Such observations have led to applications with regard to optical storage (for subluminal or slow light) and fast signaling (for superluminal or fast light). In this paper we study the propagation of an optical pulse in dispersive media supporting subluminal or superluminal group velocities. We illustrate the physical dynamics involved in the exchange of energy between the field and the medium and its impact on the information content of the optical pulse. As such, the fundamental capabilities and limitations of applications involving optical storage and fast signaling are explored.
II. APPROACH
From a fundamental point-of-view, it is well established that the points of non-analyticity (singularities) in a waveform are the actual carriers of genuine information in any signaling scheme and should propagated with a strictly luminal velocity (c) regardless of the medium [1] . As such, we introduce a point of non-analyticity (singularity) by terminating the input pulse at the time instant which corresponds to the position of its peak; then we track the dynamical exchange of information and energy between the pulse and the medium as a result of the introduced truncation. Due to the fact that -in any causal matter-wave interaction -the medium should be prepared to the termination of the input pulse at any instant of time, therefore the approach of using a truncated pulse at the input of a dispersive medium corresponds to taking a snapshot of the system information-energy dynamics. This approach is applied to both subluminal and superluminal pulses propagating in a dispersive medium and compared to propagation in a vacuum channel. Accordingly, the mechanisms of information and energy evolution for slow light applications, as opposed to fast light, are closely explored.
III. ANALYSIS

A. Slow Light
For a medium supporting subluminal group velocity (or equivalently subluminal group delay), we consider a causal single-resonance passive Lorentzian index of refraction with the same parameters in [2] . The medium is excited by a Gaussian pulse with a carrier frequency centered at ω c = 1.75 × 10 16 sec −1 and pulse width (2T ) equal to 2.4f s (corresponds to the e −1 amplitude) . The pulse peak interacts with the medium at time t 0 ∼ 3T . The output field is calculated using the finite-difference time-domain method (FDTD) by solving Maxwell's equations at discrete points in space and time. The discrete time steps are separated by ∆t = 2 × 10 −19 sec and the space steps are ∆z = 2 × 10 −10 m. After propagating for 0.25 µm, the output peak is delayed by the amount of ∆t = 0.675f s with respect to a companion pulse propagating in a vacuum channel of the same length.
In order to investigate the interactions among information, excitation field energy, and stored energy in the medium, the input pulse is terminated at the location of its peak and the medium response is observed as illustrated in First, the pulse termination -which is mathematically represented by a point of non-analyticity -propagates with a strictly luminal speed c and arrives at the output after duration L/c regardless of the medium, in accordance with Sommerfeld's prediction, and as required by Einstein causality. Second, although the luminal truncation point (singularity) reaches the output sooner than part of the subluminal energy content of the pulse; nevertheless, this singularity is followed by useful energy content. The duration of this useful energy content -which coincides with the actual response of the non truncated input pulse -roughly extends to the delay duration ∆t = τ g − L/c ∼ 0.675f s (τ g is the subluminal group delay). This implies that for slow light, the medium is capable of reproducing the input pulse at least for a period ∆t ∼ 0.675f s -as if the singularity did not exist. Although one might think that the medium would no longer have a meaningful response at the output after the termination point occurs; however, this is not true as the medium keeps reacting even past the arrival of pulse termination. Of course, this is the consequence of the medium reacting to the portion of the input pulse preceding the singularity. The remainder of the output energy following the singularity is coherent, conserved and can be distinguished without distortion for an amount of ∆t ∼ 0.675f s. Finally, after ∆t ∼ 0.675f s, the output pulse starts ringing and has no resemblance to the response of the non truncated input.
Furthermore, in Fig 1, genuine information can be defined -fundamentally -by a window which has two boundaries; the first boundary is the discontinuity at the front due to the transitional turn-on of the pulse, and the other boundary is the second discontinuity as a result of the pulse peak termination. This information window maintains a fixed duration (∼ 3T ) during propagation and propagates strictly at c. At a propagation distance equal to 0.25 µm, this information window is time advanced (with duration ∆t ∼ 0.675f s) with respect to the subluminal pulse envelope. However, the information window (bounded by the two discontinuities) is aligned with its counterpart in the vacuum channel (depicted in the inset of Fig 1) . These results illustrate the distinction between the velocity of energy transport and the velocity of genuine information in a causal dispersive medium. Such distinction has not been clearly demonstrated previously in slow light media. Additional insight on the interplay between information, field energy, and stored energy in a medium can also be obtained by considering pulse propagation in an active superluminal (fast light) medium, as discussed next.
B. Fast Light
For a medium that exhibits superluminal propagation, we consider a double resonance Lorenztian medium with gainsimilar to the one described in [3] . We chose an input Gaussian excitation centered at ω c = 5 × 10 15 (sec −1 ) and pulse width 2T = 8f s. The output response of the medium is computed using FDTD method with discrete time steps ∆t = 2×10
−18 sec and space steps 1.25×10 −9 m. This choice of parameters ensures computational stability for the gain medium at the specified carrier frequency at long propagation distances. After propagating 2.5µm, the pulse peak is time advanced by ∆t = 1f s with respect to a companion pulse traveling the same distance in vacuum. Similar to the case of slow light discussed in section A, the input pulse is terminated at the location of its peak. The output response of the medium is depicted in Fig 2 and is summarized as follows.
First, it is observed that the the termination point (singularity) arrives at the output after a strictly luminal duration (L/c). Second, unlike the case of slow light, the oscillation past the output termination point in fast light is not meaningful and does not match with the non truncated excitation response. In other words, whatever information was coded at the input has already evolved at the output prior to the arrival of singularity. In terms of the energy, after the field energy is turned off by introducing a termination at the input, the energy transferred from the (gain) medium to the field does not convey additional useful information about the input pulse. Furthermore, in the case of vacuum channel, as shown in the inset of Fig 2, there is no exchange of energy between the medium and the field and the output response is a time shifted version of the truncated input. Lastly, the window of genuine information (bounded by the two discontinuities) is strictly luminal for both the fast medium and vacuum. However, it is time delayed with ∆t = 1f s with respect to the superluminal pulse envelope.
IV. CONCLUSION
Using truncated optical pulses at the input of dispersive media, it has been shown that energy exchange between optical pulses and passive slow light media involves storage and full recovery of the input information past the truncation point. On the other hand, energy exchange in active superluminal media does not involve storage of useful information and later recovery past the termination point. In both cases, the distinction between the evolution of genuine information and energy has been demonstrated. This analysis highlights the capabilities and limitations of slow light and fast light applications.
